Sensitivity studies on Sodium-Water Reaction (SWR), which will take place in a steam generator of Liquid Metal Fast Reactor (LMFR) when a heat transfer tube fails, have been carried out using a multi-dimensional computational code: SERAPHIM. An initial pressure of liquid sodium, an interfacial area density and an evaporation of sodium hydroxide (NaOH) are chosen as a parameter in this study. An influence of the parameter on a development of high temperature zone (>1;000 C) and maximum temperature has been investigated from the perspective that one avoids a secondary heat transfer tube failure in a steam generator due to overheating rupture. In the analyses, it is assumed that water vapor leaks into liquid sodium without any barrier for a simplicity. As a result, it is found that the initial pressure and the interfacial area density affect the high temperature zone strongly, whereas they have almost no influence on the maximum temperature in the present configuration. As concerns the evaporation of sodium hydroxide, it influences not on the high temperature zone but on the maximum temperature. The maximum temperature decreases approximately 200 C due to latent heat of the evaporation. It is concluded that the evaporation of sodium hydroxide will be a key phenomenon for maximum temperature investigation in the SWR.
I. Introduction
Sodium-Water Reaction (SWR) is a key issue for safety studies of steam generator in a Liquid Metal Fast Reactor (LMFR) and will take place when a heat transfer tube fails and water or water vapor leaks into liquid sodium that exists in the shell side of the steam generator. When a quite small defect is occurred on a heat transfer tube, a plugging and peeling of sodium compound will be ran over at the defect. As a result, the defect can eventually enlarge to a size that allows a stable reacting jet. 1) If the reaction jet is large enough to contact with a neighbor heat transfer tube, it might lead to a secondary failure. In case of small reacting jet development, a deterioration of neighbor tube is caused mainly by erosion-corrosion (especially by alkali corrosion due to sodium hydroxide). This is designated as ''wastage.'' When the reacting jet enlarges more and high temperature zone covers up neighbor tubes, the neighbors might fail due to overheating rupture. In 1987, one incident occurred in the Prototype Fast Reactor Superheater 2 at Dounreay, UK. At that incident, 39 secondary tube failures occurred in a time of approximately 10 s (a total of 40 heat transfer tubes failed). In the examination of the incident, 2) it is reported that all of the secondary failures were caused by overheating rupture. It is attributed the fact that a weakening of tube material due to wastage needs more duration than 10 s in usual. Accordingly, the overheating rupture will be a key issue in an early stage of the SWR.
A secondary failure depends strongly on a thermal-hydraulic characteristic of the SWR such as a development of reacting jet and a high temperature zone. Therefore, experimental studies [3] [4] [5] had been carried out to investigate the thermal-hydraulic characteristics. In the previous experimental works, one obtains the maximum temperature of 1,100-1,371 C [2,500 F]. However, the measuring technique, such as an each phase temperature and void fraction, is not easy to obtain data with high spatial resolution and accuracy. Thus an experimental study is not sufficient to depict all pictures of the SWR. Accordingly, a numerical quantification of thermal-hydraulic and chemical characteristics in the SWR is an alternative way as an approach to the SWR study.
A multi-dimensional sodium-water reaction analysis code, SERAPHIM, was developed for this purpose. 6) In SERAPHIM, multi-fluid (two liquid phases [sodium, water] and one multi-component gas phase) and one-pressure models are applied for a multi-phase thermal-hydraulic analysis. As a mechanistic SWR modeling, the surface reaction and the gas-phase reaction are taken into account. In the surface reaction model, water vapor reacts with liquid sodium directly at the interface between the liquid sodium and the water vapor. When the reaction heat is high enough to evaporate liquid sodium, gas phase sodium will react with water vapor. This is termed ''gas-phase reaction.'' The code verification is ongoing especially with regard to the SWR. 7) In the present paper, sensitivity studies on the SWR phenomenon are carried out using SERAPHIM code. As a sensitivity parameter, initial pressure in a shell side (liquid sodium), interfacial area density and evaporation of sodium hydroxide (NaOH) are chosen. A simple three-dimensional geometry, where one failed heat transfer tube is allocated horizontally and water vapor blows upward vertically into liquid sodium, is assumed. An influence of each parameter II. Sensitivity Parameter
Initial Pressure in Shell Side
In the SWR, a total number of moles decreases through a chemical reaction. For example,
This indicates that the reaction rate will increase as the pressure increases. Hence, the maximum temperature in the SWR will be proportional to the pressure from the viewpoint of chemical characteristic. In fact, it is demonstrated that the theoretical adiabatic temperature of the SWR increase along the pressure rise. 8) On the other hand, it was demonstrated in the previous study 6) that hydrogen gas (H 2 ), which is produced in the SWR process, covers up the interface between liquid sodium and water vapor. Consequently, a concentration of water vapor at the interface decreases and thus the reaction rate is suppressed. As a result, the maximum temperature in the SWR tends to have an upper bounding. Probably, the similar suppression of the SWR due to hydrogen gas will be investigated regardless of an initial pressure condition. Accordingly, one needs not only chemical characteristics but also thermal-hydraulic environment to evaluate a total influence of pressure on the SWR phenomenon.
In a steam generator of LMFR, an initial pressure in the shell side (liquid sodium side) is not extremely high. The initial pressure is only few times higher than the atmospheric pressure in general operation and is loaded by cover gas that exists at the upper side of the shell. This is attributed the fact that liquid sodium has a high boiling point (approximately 880 C at atmospheric pressure) without pressurization. The low-pressure operation is one of superiorities in LMFR. In the present study, the absolute initial pressure conditions of 0.2 and 0.6 MPa are selected. These conditions correspond to the initial cover gas gauge pressure of 0.1 and 0.5 MPa respectively. It is noted that the cover gas gauge pressure of 0.5 MPa is sufficiently high compared with the normal design in LMFR steam generator.
Interfacial Area Density
The constitutive equations are significant in a multi-fluid model. Especially, the estimation of interfacial area density with accuracy is essential because every constitutive equation refers it. In one-dimensional pipe flow, the interfacial area density is estimated separately according to the flow pattern, such as a bubbly, slug and layer flow, using a flow regime map. However, it is quite complicated that one obtains a reliable interfacial area density in a three-dimensional computation because the local void fraction and the contact area depend on the mesh arrangement strongly.
The following Nigmatulin model, 9) which takes a bubbly flow into consideration mainly, is implemented in SERAPHIM for simplicity:
where a is the interfacial area density, the volume fraction of gas and N the number density. The Nigmatulin model is implemented in SABENA code 10) that numerically predicts a sodium-boiling phenomenon in a fuel assemble of LMFR. It is demonstrated 6) that SERAPHIM code reproduces the depressurization behavior well using this model in the benchmark analysis of the Edwards pipe blow down experiment.
11) The bubbly flow regime is chosen for the reason that it represents a higher interfacial area density compared with other flow regimes and thus yields a plenty of SWR.
The number density (N), seen in Eq. (2), is determined based on the critical Weber number and is set to N¼1:0Â 10 7 considering properties of liquid sodium such as a surface tension. 10) As the number density is constant, one obtains a maximum diameter of bubble that appears at ¼0:5. In the current configuration, the maximum diameter and interfacial area density are evaluated to 4.57 mm and 2:2Â10 2 (1/m) respectively. Although the rapid depressurization behavior is well predicted using the current configuration, the maximum diameter might be large in the SWR process. It is also easily expected that the estimation of the interfacial area density affects the thermal-hydraulic characteristics considerably. Consequently, the sensitivity analysis of the interfacial area density on the SWR phenomena should be needed. In the present study, ten times higher interfacial area density (the maximum interfacial area density is 2:2Â10 3 (1/m)) is taken into account as a sensitivity parameter. This condition corresponds to N¼1:0Â10 10 and the maximum diameter of 2.12 mm.
Evaporation of Sodium Hydroxide
The boiling point of sodium hydroxide (NaOH) is 1,390 C at atmospheric pressure. The similar range of temperature (approximately 1,100-1,400 C) was observed in the previous works. In addition, the pressure load in the shell side of the steam generator is comparative low as mentioned above (Sec. II-1). Accordingly, the gas phase NaOH will not be negligible. Based on the thermo-chemical properties (JANAF data), 12) the reaction heat in a typical SWR and the latent heat for NaOH evaporation are obtained as: 
where ÁH 0 298 means the standard enthalpy change of formation. (l) and (g) indicates liquid and gas phase respectively. The negative value of the standard enthalpy change means a heat generation and the positive value represents an endothermic reaction. As seen in Eqs. (3) and (4), the latent heat is higher than the reaction heat. It can be said that the evaporation of NaOH acts an important role especially in terms of the maximum temperature. It also suggests that the chemical reaction, where gas phase NaOH is produced from liquid sodium and water vapor, is endothermic. However, it is carefully noted that one has to consider the sensible heat of each component in the total reaction.
In this paper, an evaporation of NaOH is taken into consideration based on an equivalent state assumption where a proportion of liquid and gas phase NaOH is determined by a saturation pressure profile. The saturation vapor pressure profile of NaOH is estimated based on the Gibbs free energy minimization method (using GENESYS code 8) ). Figure 1 shows the analytical results of the profile.
In Fig. 1 , the solid and dashed lines indicate the analytical results and the symbol shows the boiling point at atmospheric pressure. Á f H 0 298 means the standard enthalpy of formation with gas phase NaOH. In JANAF data, the standard enthalpy of formation with gas phase NaOH has an uncertainty of AE12:6 kJ/mol. The standard enthalpy of formation much affects the estimation of the saturation pressure profile as shown in Fig. 1 . From the viewpoint of the accuracy in the boiling point prediction, the standard enthalpy of formation with gas phase NaOH is selected to À210:36ð¼197:76À12:6Þ kJ/mol in the present study. It is noted that Á f H 0 298 ¼À197:76 kJ/mol is applied in the energy investigation of Eqs. (3) and (4) .
Since the saturation vapor pressure changes exponentially and the latent heat is quite large, the following implicit manner is applied to eliminate a numerical instability.
The temperature change due to latent heat is estimated roughly as:
here Y NaOH and T is the temperature, & the density of gas, Q the latent heat (absolute value), Y NaOH the mass fraction of gas phase NaOH and Cp the heat capacity of gas. Superscripts n and nþ1 represents the current and the subsequent time step. The saturation pressure of NaOH at nþ1 time step (Ps nþ1 ) is expressed in terms of the temperature change as:
Besides, Ps nþ1 can also be estimated from the mass fraction in the following:
here P is the total pressure in each computational cell, M is the molecular weight and subscript AVE means the average in gas species. Substituting Eqs. (5) and (7) into Eq. (6), one can obtain the evaporation or condensation rate (G nþ1 ) stably as:
where Át is the time step. @Ps=@T is calculated based on the saturation vapor profile.
III. Sensitivity Analyses 1. Computational Conditions
The computational region is a cylindrical vessel of 0400 mm and 1,800 mm height. Boundary conditions of sodium flow are given at both upper and bottom end of geometry. A constant pressure boundary is applied at the whole top end, whereas continuous pressure gradient boundary (@ 2 p=@x 2 J ¼0) is implemented at some halls on the bottom end depicted in Fig. 2(a) . Since the bottom end boundary exists comparatively near the water vapor leakage, the constant pressure boundary condition will not be preferable. Therefore, the continuous pressure gradient condition is applied in the present study. With regard to the water vapor leakage, one assumes a constant pressure boundary condition (¼17:0 MPa) and the outflow velocity is calculated automatically in the code. The geometrical and the initial condition is based on the SWAT-1R experiment carried out by JNC.
5) It is noted that 43 heat transfer tubes (including failure tube) are implemented in the SWAT-1R experiment. In the present study, only a failure heat transfer tube is taken into consideration for simplicity.
In the SWR, sodium hydroxide (NaOH) and sodium oxide (Na 2 O) were observed as a main compound in the previous experimental works. 1, 13) On the other hand, it is demonstrated that sodium hydroxide is the major product in the SWR from the viewpoint of thermo-chemical properties. 8) Moreover, the authors investigated the energy potential surface and reaction rate of the gas-phase SWR using an ab initio molecular orbital (MO) method 6) and made it clear that sodium oxide would not be generated frequently because it has a remarkable high-energy barrier to combine compared with that of sodium hydroxide. Accordingly, only sodium hydroxide is taken into account as a sodium compound in the present analysis. Possibly, sodium oxide will produce gradually from remaining liquid sodium and sodium hydroxide after the SWR is run over.
In each computation, the time step and duration time is set to 1.0 ms and 100 ms respectively. As mentioned in Chap. II, the initial pressure in shell side, the interfacial area density and the evaporation of NaOH are chosen as a sensitivity parameter. The analytical condition and computational cases are summarized in Tables 1 and 2 respectively.
Results and Discussion
(1) Default case (Case 0) First of all, let us briefly mention the result in the default case (Case 0). Figure 3 shows the volume fraction of gas and the velocity field of the liquid sodium at 100 ms after the leakage. The iso-surface depicted in the following figures indicates 10% of the gas volume fraction (void fraction) and the distributions inside the iso-surface at I-, J-and L-sections are shown. The L-coordinates designates a 45 degree skewed direction against I-and J-coordinates.
As shown in Fig. 3(a) , the gas region develops mainly along the upward direction. When the leakage starts and the gas region develops upward, liquid sodium comes through the bottom end boundary (three holes) as seen in Fig. 3(b) . Then, it collides with the horizontal tube at the bottom side and separates on each side. As a result, the gas region seen in I-K section is swept away comparing with that in L-K section. With regard to the leakage rate, almost the constant value of 0.11 kg/s is obtained during the computation because the boundary pressure (17.0 MPa) is sufficiently high enough to exceed the critical pressure ratio.
The distributions of the gas temperature and the volume fraction of hydrogen gas (Y vol H 2 ), defined as follows, are shown in Fig. 4 : The heat generation per unit volume by the SWR in L-K section is also indicated in Fig. 4 . As seen in Fig. 4(a) , the high temperature zone exists in the high volume fraction region of gas. In Case 0, it is predicted that the maximum temperature has a ceiling of approximately 1,400 C during the analysis. The reason of the ceiling is explained as follows. Figure 4(b) shows the volume fraction of hydrogen gas in the mixture gas, which is produced by the SWR process. The high concentration of hydrogen gas appears at the interface of the liquid sodium and the water vapor. Consequently, the concentration of water vapor becomes lower at the interface and the chemical reaction is moderated as shown in Fig. 4(c) . That results in the upper bounding of the maximum temperature.
(2) Influence of Initial Pressure (Case 1) Figure 5 shows the development of the gas region and the velocity distribution of liquid sodium at 100 ms after the leakage. As seen in Fig. 5 , the gas region diminishes especially in horizontal direction and has more directivity towards downstream of the jet compared with the default case (Case 0, Fig. 3 ). The leak rate of water vapor is estimated to be 0.12 kg/s in this condition. Since the ratio of throat pressure to entrance pressure at the inlet in Case 1 is still smaller than the critical pressure ratio, the leakage rate is almost same as that in Case 0 obtained from the acoustic velocity. In both conditions, it is confirmed that whole leaked water vapor reacts with sodium during analysis. When the pressure increases, the total volume of gas diminishes due to compressibility. Hence, it can be said that the reduction of the gas region comes from the gas compressibility. The distributions of the gas temperature, the concentration of hydrogen gas and the reaction heat are shown in Fig. 6 . The high temperature region is swept downstream compared with the default case (Fig. 4(a) ). However, the maximum value seems to be similar in both cases. In practice, the maximum gas temperature throughout the entire analytical region is almost the same during transient as shown in Fig. 7 . In both cases, the maximum temperature suddenly increases up to approximately 1,400 C just after the leakage and then decreases gradually. After several tenth mili-seconds, it increases again and has a ceiling of approximately 1,400 C. At the beginning of the leakage, the interface between the water vapor and liquid sodium is clear so that the SWR is initiated quickly resulting in the sudden temper- [-] Computational Sensitivity Study on Sodium-Water Reaction Phenomenon ature rise. At the same time, the hydrogen gas is produced at the interface and covers up the interface (for instance, Fig. 6(b) ). In an early stage of the leakage, the inertia caused by the blown down and the SWR cannot be developed well. Therefore, the hydrogen gas remains at the interface and thus the SWR will be moderated quickly because there is less supply of water vapor at the interface. Consequently, the maximum temperature decreases gradually. When the velocity field is developed, hydrogen gas at the interface is swept out. Then, the feeding of water vapor at the interface increases again. Finally, one obtains a steady state in which an upper bounding of maximum temperature appears.
Let us discuss the reason why almost the same maximum temperature is investigated regardless of the initial pressure. Figure 6 (c) shows the distribution of the reaction heat that corresponds to the reaction rate. The maximum reaction heat exists just after the leakage and decreases along the expansion of the gas region. The maximum temperature appears downstream region of the reaction zone. The same behavior is indicated in the default case (Fig. 4(c) ). The maximum reaction heat in Case 1 is approximately twice as high as that in Case 0 and is less than the initial pressure ratio between Case 1 and Case 0. On the other hand, the heat storage of gas (¼&Cp) will be directly proportional to the initial pressure because of the density change. Therefore, the maximum gas temperature will decrease in the present configuration when the initial pressure rises.
One of the main factor in which the initial pressure has a little influence on the maximum gas temperature will be an existence of sodium hydroxide (NaOH) as a heat storage in the mixture gas. NaOH is a main product in the SWR as shown in Eq. (1) and is emitted to the mixture gas as well as the reaction heat in the present analysis based on the insight of the reaction between strong alkalis and water. 6) The heat storage ratio of the products in Eq. (1) is calculated as:
Heat storage of NaOH:Heat storage of H 2 ¼ 40 Â 10 À3 ½M; kg/mol Â 2;000½Cp; J/kg/K : 1=2 Â 2 Â 10 À3 ½M; kg/mol Â 14;500½Cp; J/kg/K:
The heat storage of NaOH is approximately five times larger than that of hydrogen gas seen in Eq. (10) . It can be said that the reaction heat is transferred to NaOH mainly. shows the mass fraction of NaOH in the mixture gas (Y NaOH ), which is treated as an aerosol in the present study. In both cases, the mass fraction of NaOH exceeds more than 70% in the high temperature zone. Since liquid and/or solid NaOH exists in the mixture gas (as an aerosol), the heat storage has almost no influence on the peripheral pressure. Consequently, the total heat storage in the mixture gas becomes less effective against the pressure in the SWR. In addition to the influence of NaOH as a heat storage, the flow pattern also plays an important role to the high temperature zone. Figure 9 indicates the distribution of convective energy flux (¼&hu). Here, h means the enthalpy in the mixture gas. As seen in Fig. 9 , the high temperature zone disappears where the energy flux is dispersed. In the default case (Case 0), the energy flux spreads out quickly along the expansion of the gas region. On the contrary, energy flux is focused upon and goes downstream in the high-pressure condition (Case 1). As a result, the similar maximum value of the gas temperature to the low-pressure condition (Case 0) appears and the high temperature region persists in the downstream region in Case 1.
In the sensitivity analysis of the initial pressure, it is demonstrated that the initial pressure has an influence upon the expansion of the gas region resulting in the different high temperature distribution. However, almost the close value of the maximum gas temperature is investigated regardless of the initial pressure in the present work. The chemical characteristics of the SWR in which the total number of moles decreases through the SWR encourages the temperature rise as the pressure increases. At the same time, the temperature rise is affected by complicated thermal-hydraulic characteristics such as a heat storage and flow pattern. It is concluded that the SWR phenomena should be investigated considering both of the chemical and thermal-hydraulics aspects.
In the high-pressure condition, it is also demonstrated that the high temperature zone may reach the downstream region of the gas jet rather than that in the lower-pressure condition. From the viewpoint of the structural integrity, the higher initial pressure might be serious because the high temperature zone contacts with a neighbor heat transfer tube easily. (3) Influence of Interfacial Area Density (Case 2) Figure 10 shows the distributions of the volume fraction and gas temperature and the comparisons between Case 0 and Case 2 at the L-K surface. As seen in Fig. 10(a) , a little difference is predicted with regard to the gas region development. Probably, the momentum generated at the leakage due to high-pressure gradient is dominant for the formation of gas region compared with that generated from the SWR process such as a gas and heat generation. On the other hand, the high temperature region is diminished and appears near the leakage in Case 2 as shown in Fig. 10(b) . It is apparent that the high interfacial area density yields the high chemical reaction rate (denser heat generation). Hence, the high temperature region decreases and appears more near from the leakage. However, the maximum temperature seems to be close in both cases.
The trend of the maximum gas temperature overall the analytical region is shown in Fig. 11 . The maximum tempera- Computational Sensitivity Study on Sodium-Water Reaction Phenomenon ture transient seems to be different until approximately 60 ms. However, after 60 ms, the transient and the maximum value have a little difference between both analyses. In Case 2, the fluctuation of the maximum temperature during the analysis diminishes compared with Case 0. The chemical reaction in Case 2 is more intensive than that in Case 0 because of the high interfacial area density. Therefore, the hydrogen gas covers over the interface quickly resulting in the lower value of the maximum temperature at the beginning. In addition, the steady state can be achieved instantaneously in Case 2 because of the high sensitivity in the reaction rate. Hence, the less oscillation of the maximum temperature is predicted in Case 2. The volume fraction of hydrogen gas in Case 2 and the comparison with Case 0 are indicated in Fig. 12 . The high concentration of hydrogen gas appears close to the leakage compared with Case 0 (Fig. 12(b) ). This is attributed the fact that the hydrogen gas is produced more frequently near the leakage. Accordingly, the reaction rate decreases rapidly just after the leakage in Case 2 and almost the same value is predicted in terms of the maximum gas temperature.
In the sensitivity analysis of the interfacial area density, it is concluded that the interfacial area density affects the high temperature region strongly. However, it has a little influence on the total gas region development and the maximum temperature. Since the high temperature region has a great influence on the structural integrity of the heat transfer tubes adjacent to a failed tube, one needs a mature consideration against the interfacial area density.
Of course, the current assumption that only one flow regime (bubbly flow) is assigned is not sufficient enough to estimate the interfacial area density. Shirakawa 14) reported the interfacial area density estimation method in a three-dimensional configuration with a numerical experiment using the Moving-Particle Semi-implicit (MPS) method. 15) This method will be an alternative way to obtain a reasonable interfacial area density with a complicated three-dimensional multi-phase flow and will be applied to the SWR investigation in the near future. (4) Influence of Sodium Hydroxide Evaporation
The computational result of the gas volume fraction and the gas temperature at 100 ms are shown in Fig. 13 . Comparing the gas region with non-evaporation case (Case 0), the evaporation of NaOH has almost no influence on the gas region development. The high temperature zone (>1;000 C) is also not affected so much as seen in Fig. 8(b) , whereas the maximum temperature is lowered obviously due to evaporation and approximately 1, 200 C of the maximum value is predicted at 100 ms in Case 3. It is noted that the maximum value obtained in Case 3 agrees with that of the previous experimental results. Apparently, the evaporation of NaOH has an effect on the maximum temperature. Figure 14 shows the comparison of the maximum temperature trend between Case 0 and Case 3 during the computation. At the beginning of the leakage, the maximum temperature has a pointed peak as with Case 0. However, it is lowered to approximately 1,300 C because the evaporation of NaOH takes away energy from the reaction. Analogously, almost the constant value of 1, 200 C is predicted after the steady state (60 ms-) and the maximum temperature decreases approximately 200 C compared with the non-evaporation case (Case 0). Figure 15 indicates the volume fraction of (a) hydrogen gas and (b) gas phase NaOH and (c) the comparison of mass fraction in liquid/solid phase NaOH at 100 ms from the leakage. The maximum concentration of gas phase NaOH exists in the high temperature region where the saturation vapor pressure becomes high. However, the ratio of the gas phase NaOH is only up to 10% (volume fraction, see Fig. 15(b) ) and is not a dominant component in the gas phase (see Fig. 15(a) ). With regard to the mass fraction of liquid/solid phase NaOH shown in Fig. 10(c) , it decreases slightly at the region where NaOH is vaporized compared with Case 0. It can be said that a small amount of NaOH evaporation can affect the maximum temperature considerably.
When one takes an evaporation of NaOH into considera- tion in the SWR process, it is demonstrated that the development of the gas region and the high temperature region (>1;000 C) are not affected by the evaporation. On the other hand, the maximum temperature decreases to approximately 1, 200 C compared with the non-evaporation condition (Case 0; 1,400 C). The maximum temperature in case with the evaporation agrees with the previous experimental results. 4) Since the latent heat of NaOH evaporation is considerable in contrast with the reaction heat, a small amount of the evaporation can affect the maximum temperature.
IV. Conclusions
Sensitivity analyses of the Sodium-Water Reaction (SWR) phenomena have been carried out with a simple three-dimensional configuration using SERAPHIM code. The initial pressure in the shell side, the interfacial area density and the evaporation of sodium hydroxide (NaOH) are chosen as a sensitivity parameter.
When the initial pressure increases, the development of gas region differs from that in the lower-pressure condition due to gas compressibility. As a result, the high temperature zone (>1;000 C) develops with directivity and goes downstream in case with the high-pressure condition. From the viewpoint of chemical characteristics, the reaction rate will increase along the pressure rise and thus the maximum temperature will rise. However, almost the same value of maximum temperature is predicted regardless of the initial pressure in the present analysis. The heat storage of NaOH, produced in the SWR, affects the temperature rise as well as the flow pattern resulting in the similar value of the maximum gas temperature. It will be concluded that the thermal-hydraulic characteristics should be taken into consideration to investigate the maximum temperature in addition to the influence of the chemical characteristics.
The increase of the interfacial area density is less influential on the gas region development. On the contrary, the high temperature region diminishes when the interfacial area density increases. Moreover, one obtains a similar value of the maximum temperature in the present range of the interfacial area density change. The reason of less influence on the gas region development is probably that the inertia generated from the blown down of the water vapor is more dominant near the leakage region than that comes from the SWR proc- Computational Sensitivity Study on Sodium-Water Reaction Phenomenon ess such as a gas and heat generation. When the interfacial area density increases, the chemical reaction will be more intensive. Hence, the hydrogen gas, which covers over the interface between the liquid sodium and the water vapor, is produced more frequently and thus suppresses the reaction. Consequently, the heat generation due to the SWR diminishes quickly resulting in the close value of the maximum temperature. The estimation of the high temperature zone is one of the great concerns in the SWR phenomena to estimate a structural integrity of heat transfer tubes adjacent to the failure tube in the steam generator. It is concluded that the initial pressure and the interfacial area density will affect the structural integrity considering the perspective not of the maximum temperature but of the expansion of the high temperature zone. Especially with regard to the interfacial area density, one needs a mature consideration in a three-dimensional complex configuration such as an application of numerical experiment based on the MPS method.
When an evaporation of NaOH is taken into account in the SWR process, it has almost no influence on the gas region development and the high temperature zone. However, the maximum temperature decreases to approximately 1,200 C compared with the non-evaporation case (1,400 C). The analytical result in case with the evaporation has a good agreement with the previous experimental results (1,100-1,371 C [2,500 F]). Since the latent heat of NaOH evaporation is considerably high in contrast with the reaction heat mainly occurred in the SWR, it is investigated that a small amount of the evaporation affects the maximum temperature. In the present investigation, the maximum temperature decreases approximately 200 C due to evaporation. The boiling point of NaOH at atmospheric pressure is 1,390 C and the same order of the temperature is observed both in the present analysis and previous experimental works. Accordingly, it is apparent that the evaporation of NaOH is not negligible and be essential from the maximum temperature's point of view.
As concerns the integrity of a neighbor tube, the surface temperature on the tube plays an important role especially in terms of the overheating rupture. Consequently, a quantification of heat transfer coefficient between a neighbor tube and the surrounding area will be of great interest in addition to the quantification of the temperature in the reacting zone. Yamaguchi et al., 16) demonstrated that the heat transfer coefficient was predictable using a numerical simulation in the SWR. Hence, in the next stage where the integrity of neighbor tube is investigated numerically, a coupling the present method with a detailed numerical simulation near a heat transfer tube will be taken into consideration. (Subscripts) AVE: Average in multi-component gas gas: Gas species in multi-component gas NaOH: Sodium hydroxide 
